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TARGETING ADENOSINE A2A RECEPTORS
FOR THE TREATMENT OF

LEVODOPA-INDUCED DYSKINESIAS

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority to U.S. Provisional
Patent Application Ser. No. 62/362,937 filed Jul. 15, 2016,
which 1s hereby incorporated by reference in 1ts entirety.

STATEMENT REGARDING FEDERAL
FUNDING

This 1nvention was made with government support under
RO1 NS034696 awarded by the National Institutes of
Health. The government has certain rights 1n the mnvention.

FIELD

Provided herein are compositions and methods for the
treatment and of neurodegenerative disorders and levodopa-
induced dyskinesias. In particular, A2a receptor antagonists
are provided, as well as methods for the use of A2a receptor
antagonists 1n the treatment of neurodegenerative disorders
(e.g., Parkinson’s disease) and the treatment and/or preven-
tion levodopa-induced dyskinesias associated with such
treatment.

BACKGROUND

Parkinson’s disease (PD) i1s the second most common
neurodegenerative disorder. The core motor symptoms are
caused by the loss of midbrain dopamine (DA) neurons.
Levodopa, a DA precursor, provides the most eflective
symptomatic treatment by elevating DA release from
residual neurons. However, chronic levodopa administration
at concentrations suflicient to achieve symptomatic relief,
particularly 1n late stage PD patients or those on long-term
levodopa treatment, leads to the emergence of disabling
motor side eflects, termed levodopa-induced dyskinesia
(LID). There 1s a critical need for a pharmacotherapy to
alleviate LID without surgery.

SUMMARY

Provided herein are compositions and methods for the
treatment and of neurodegenerative disorders and levodopa-
induced dyskinesias. In particular, A2a receptor antagonists
are provided, as well as methods for the use of A2a receptor
antagonists in the treatment of neurodegenerative disorders
(e.g., Parkinson’s disease) and the treatment and/or preven-
tion levodopa-induced dyskinesias associated with such
treatment.

In some embodiments, provided herein are methods for
the treatment of a neurodegenerative disorder without induc-
ing dyskinesia (or with reduced dyskinesia (e.g., levodopa-
induced dyskinesia)), comprising: (a) administering to a
subject a dose of levodopa at a first time-point; (b) admin-
1stering to the subject a dose of an A2a antagonist at a second
time-point following a time delay from the first time point.

In some embodiments, provided herein are methods for
the treatment of a neurodegenerative disorder with reduced
levodopa-induced dykinesia, comprising administering to
the subject a dose of an A2a antagonist at a time when
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2

plasma levodopa levels are low (e.g., 1n the morning, hours
after L-DOPA administration, at or near the trough or valley
of plasma levodopa levels).

In some embodiments, the neurodegenerative disorder 1s
Parkinson’s disease. In some embodiments, the A2a antago-

nist 1s selected form the group consisting of: ATT1.-444,
Istradetylline (KW-6002), MSX-3, Preladenant (SCH-420,

814), SCH-58261, SCH-412,348, SCH-442,416, ST-1533,
caffeine, VER-6623, VER-6947, VER-7835, Vipadenant
(BIIB-014), ZM-241,385, Tozadenant, V81444 and CPI-
444 . In some embodiments, the time delay 1s at least 1 hour
(e.g., 1 hour, 2 hours, 3 hours, 4 hours, 5 hours, 6 hours, 7
hours, 8 hours, or more, or ranges therebetween). In some
embodiments, the second time-point 1s after symptom-re-
duction effects of the dose of levodopa have begun to
decrease (e.g., upon the return of symptoms).

In some embodiments, methods further comprise co-
administering an additional therapeutic agent for the treat-
ment of the neurodegenerative disorder or symptom reduc-
tion. In some embodiments, the additional therapeutic agent
1s selected from the list consisting of dopamine agonists
(e.g., bromocriptine, pergolide, pramipexole, ropinirole,
piribedil, cabergoline, apomorphine, lisuride, etc.), MAO-B
inhibitors (e.g., selegiline, rasagiline, etc.), and other thera-
peutics, such as amantadine, anticholinergics, quetiapine,
cholinesterase inhibitors, modafinil, non-steroidal anti-in-
flammatory drugs, etc. In some embodiments, the additional
therapeutic agent 1s administered at the first time-point. In
some embodiments, the additional therapeutic agent 1s co-
formulated with the levodopa. In some embodiments, the
additional therapeutic agent 1s separately-formulated from
the levodopa. In some embodiments, the additional thera-
peutic agent 1s administered at the second time-point. In
some embodiments, the additional therapeutic agent 1s co-
formulated with the A2a antagonist. In some embodiments,
the additional therapeutic agent i1s separately-formulated
from the A2a antagonist. In some embodiments, the addi-
tional therapeutic agent 1s administered between the first
time-point and the second time-point.

In some embodiments, provided herein are kits (e.g., for
the treatment of PD with reduced LID) comprising: (a)
levodopa; (b) an A2a antagonist; and (c) instructions to
administer the levodopa first, and the A2a antagonist second,
alter a time delay. In some embodiments, the A2a antagonist
1s selected form the group consisting of: ATL.-444, Istrade-
tylline (KW-6002), MSX-3, Preladenant (SCH-420,814),
SCH-58261, SCH-412,348, SCH-442,416, ST-1535, cal-
feine, VER-6623, VER-6947, VER-7835, Vipadenant
(BIIB-014), ZM-241,385, Tozadenant, V81444 and CPI-
444, In some embodiments, the time delay indicated by the
instructions 1s at least 1 hour (e.g., 1 hour, 2 hours, 3 hours,
4 hours, 5 hours, 6 hours, 7 hours, 8 hours, or more, or
ranges therebetween). In some embodiments, the nstruc-
tions indicate that the A2a antagonist 1s to be administered
1s after symptom-reduction effects of the levodopa have
begun to decrease. In some embodiments, the levodopa and
the A2a antagonist are contained 1n separate containers. In
some embodiments, the separate containers are packaged
together.

In some embodiments, kits further comprise an additional
therapeutic agent. In some embodiments, the additional
therapeutic agent i1s selected from the list consisting of
dopamine agonists (e.g., bromocriptine, pergolide,
pramipexole, ropinirole, piribedil, cabergoline, apomor-
phine, lisuride, etc.), MAO-B ihibitors (e.g., selegiline,
rasagiline, etc.), and other therapeutics, such as amantadine,
anticholinergics, quetiapine, cholinesterase 1nhibitors,
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modafinil, non-steroidal anti-inflammatory drugs, etc. In
some embodiments, the instructions indicate that additional
therapeutic agent 1s to be administered concurrently with the
levodopa. In some embodiments, the additional therapeutic
agent 1s co-formulated with the levodopa. In some embodi-
ments, the additional therapeutic agent 1s separately-formu-
lated trom the levodopa. In some embodiments, the istruc-
tions indicate that additional therapeutic agent i1s to be
administered concurrently with the A2a antagonsit. In some
embodiments, the additional therapeutic agent 1s co-formu-
lated with the A2a antagomist. In some embodiments, the
additional therapeutic agent 1s separately-formulated from
the A2a antagonist. In some embodiments, the nstructions
indicate that additional therapeutic agent 1s to be adminis-
tered between the first time-point and the second time-point.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. SPN synaptic plasticity during the expression of
LID. a) Light microscopic image of a coronal section
illustrating the loss of i1mmunoreactivity for tyrosine
hydroxvlase after unilateral MFB 6-OHDA lesioning. CPu,
caudate-putamen. b) LTP induction was lost 1n prolonged
lesioned animals. Shortly after the lase injection of L-DOPA,
L TP was recovered 1in dSPNs. ¢) 1SPN LTD induction was
lost 1n lesioned animals. LTD was recovered in the dyski-
netic ON-state.

FIG. 2. L-DOPA induces 1SPN synaptic adaptations
including rejuvenation of glutamatergic synapses and de-
depression ol presynaptic mGuR4/8 receptors. Both helps
promote 1SPN LTP, contributing to the development of LID
movements.

FIG. 3. Experimental timeline. Tozadenant 1s given 5-6
hours after L-DOPA doses.

FIG. 4. The A2aR antagonist tozadenant attenuates the
induction of LID. Leit: systemic administration of tozade-
nant (Toz; 30 mg/kg) 5 hours after L-DOPA doses reduces
the development of LID behaviors (L-DOPA+vehicle n=6;
L-DOPA+Toz n=7; p<0.05). Right: plot of sum of AIM
scores as a function of time measured on the day 15
(p<0.03).

DEFINITIONS

Although any methods and materials similar or equivalent
to those described herein can be used i1n the practice or
testing ol embodiments described herein, some preferred
methods, compositions, devices, and maternals are described
herein. However, before the present materials and methods
are described, it 1s to be understood that this invention 1s not
limited to the particular molecules, compositions, method-
ologies or protocols herein described, as these may vary 1n
accordance with routine experimentation and optimization.
It 1s also to be understood that the terminology used 1n the
description 1s for the purpose of describing the particular
versions or embodiments only, and 1s not intended to limit
the scope of the embodiments described herein.

Unless otherwise defined, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. However, in case of contlict, the present
specification, including definitions, will control. Accord-
ingly, i the context of the embodiments described herein,
the following definitions apply.

As used herein and 1n the appended claims, the singular
forms “a”, “an” and *“‘the” include plural reference unless the
context clearly dictates otherwise. Thus, for example, ret-
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erence to “an A2a receptor antagonist” 1s a reference to one
or more AZ2a receptor antagonists, unless the context clearly
dictates otherwise.

As used herein, the term “comprise” and linguistic varia-
tions thereof denote the presence of recited feature(s), ele-
ment(s), method step(s), etc. without the exclusion of the
presence ol additional feature(s), element(s), method step(s),
ctc. Conversely, the term “consisting of” and linguistic
variations thereol, denotes the presence of recited feature(s),
clement(s), method step(s), etc. and excludes any unrecited
teature(s), element(s), method step(s), etc., except for ordi-
narily-associated impurities. The phrase “consisting essen-
tially of” denotes the recited feature(s), element(s), method
step(s), etc. and any additional {feature(s), eclement(s),
method step(s), etc. that do not materially aflfect the basic
nature of the composition, system, or method. Many
embodiments herein are described using open “comprising”
language. Such embodiments encompass multiple closed
“consisting of” and/or “consisting essentially of” embodi-
ments, which may alternatively be claimed or described
using such language.

As used herein, the term “subject” broadly refers to any
amimal, including but not limited to, human and non-human
ammals (e.g., dogs, cats, cows, horses, sheep, poultry, fish,
crustaceans, etc.). As used herein, the term “patient” typi-
cally refers to a subject that 1s being treated for a disease or
condition.

As used herein, the term “eflective amount” refers to the
amount of a composition suflicient to effect beneficial or
desired results. An eflective amount can be administered 1n
one or more administrations, applications or dosages and 1s
not itended to be limited to a particular formulation or
administration route.

As used herein, the terms “administration” and “admin-
istering’”’ refer to the act of giving a drug, prodrug, or other
agent, or therapeutic treatment to a subject or 1n vivo, 1n
vitro, or ex vivo cells, tissues, and organs. Exemplary routes
of administration to the human body can be through space
under the arachnoid membrane of the brain or spinal cord
(1intrathecal), the eyes (ophthalmic), mouth (oral), skin (topi-
cal or transdermal), nose (nasal), lungs (inhalant), oral
mucosa (buccal), ear, rectal, vaginal, by injection (e.g.,
intravenously, subcutaneously, intratumorally, intraperitone-
ally, etc.) and the like.

As used herein, the terms ‘“‘co-administration” and “co-
administering” refer to the administration of at least two
agent(s) (e.g., an A2a antagonist, levodopa, and/or addi-
tional therapeutics) or therapies to a subject. In some
embodiments, the co-administration of two or more agents
or therapies 1s concurrent. In other embodiments, a {first
agent/therapy 1s administered prior to a second agent/
therapy. Those of skill 1n the art understand that the formu-
lations and/or routes of administration of the various agents
or therapies used may vary. The appropriate dosage for
co-administration can be readily determined by one skilled
in the art. In some embodiments, when agents or therapies
are co-administered, the respective agents or therapies are
administered at lower dosages than appropriate for their
administration alone. Thus, co-administration 1s especially
desirable 1n embodiments where the co-administration of the
agents or therapies lowers the requisite dosage of a poten-
tially harmiful (e.g., toxic) agent(s), and/or when co-admin-
istration of two or more agents results in sensitization of a
subject to beneficial eflects of one of the agents via co-
administration of the other agent.

As used herein, the term “pharmaceutical composition™
refers to the combination of an active agent with a carrier,
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inert or active, making the composition especially suitable
tor diagnostic or therapeutic use 1n vitro, 1 vivo or €X vVivo.

The terms “pharmaceutically acceptable” or “pharmaco-
logically acceptable,” as used herein, refer to compositions
that do not substantially produce adverse reactions, e.g.,
toxic, allergic, or immunological reactions, when adminis-
tered to a subject.

As used herein, the term “pharmaceutically acceptable
carrier” refers to any of the standard pharmaceutical carriers
including, but not limited to, phosphate bullered saline
solution, water, emulsions (e.g., such as an oil/water or
water/o1l emulsions), and various types ol wetting agents,
any and all solvents, dispersion media, coatings, sodium
lauryl sulfate, 1sotonic and absorption delaying agents, dis-
intigrants (e.g., potato starch or sodium starch glycolate),
and the like. The compositions also can include stabilizers
and preservatives. For examples of carriers, stabilizers and
adjuvants, see, e¢.g., Martin, Remington’s Pharmaceutical
Sciences, 15th Ed., Mack Publ. Co., Easton, Pa. (1973),

incorporated herein by reference 1n 1ts entirety.

DETAILED DESCRIPTION

Provided herein are compositions and methods for the
treatment and of neurodegenerative disorders and levodopa-
induced dyskinesias. In particular, A2a receptor antagonists
are provided, as well as methods for the use of A2a receptor
antagonists 1n the treatment of neurodegenerative disorders
(e.g., Parkinson’s disease) and the treatment and/or preven-
tion levodopa-induced dyskinesias associated with such
treatment.

Levodopa (L-DOPA) or L-3,4-dihydroxyphenylalanine:
1s a chemical that 1s made and used as part of the normal
biology of humans, some animals and plants. L-DOPA 1s the
precursor to the neurotransmitters dopamine, norepineph-
rine (noradrenaline), and epinephrine (adrenaline) collec-
tively known as catecholamines. L-DOPA mediates neuro-
trophic factor release by the brain and CNS. L-DOPA 1s
manufactured and sold as a psychoactive drug under trade
names including SINEMET, PHARMACOPA, ATAMET,
STALEVO, MADOPAR, and PROLOPA. Levodopa 1s pre-
scribed and administered for the treatment of neurodegen-
erative disorders, and 1n particular 1n the clinical treatment
of Parkinson’s disease and dopamine-responsive dystonia.

Levodopa 1s typically provided orally, and 1s initially
administered to a subject at a dose of 200-600 mg (e.g., 200
mg, 250 mg, 300 mg, 350 mg, 400 mg, 450 mg, 500 mg, 550
mg, 600 mg, or ranges therebetween (e.g., 250-500 mg,
etc.)) orally twice a day with meals. With use of levodopa,
dosages are typically increased over time. Maintenance
doses o1 2000 to 7000 mg/day (e.g., 2000, 2500, 3000, 3500,
4000, 4500, 5000, 5500, 6000, 6500, 7000, or ranges ther-
cbetween (e.g., 3000-6000 mg/day)) divided into three sepa-
rate doses (e.g., not to exceed 8000 mg/day) are commonly
administered.

Unfortunately, levodopa administration at the above con-
centrations (e.g., concentrations suilicient to achieve symp-
tomatic relief, particularly 1n late stage PD patients) leads to
the emergence of disabling motor side eflects, termed
levodopa-induced dyskinesia (LLID). LID 1s characterized by
hyperkinetic movements, including chorea (e.g., involun-
tary, rapid, irregular, purposeless, and unsustained move-
ments that seem to flow from one body part to another),
dystonia (e.g., sustained muscle contractions), and athetosis
(c.g., mvoluntary writhing movements associated with
abnormal muscle contractions). LIDs are classified based on
theirr relationship with, and timing related to, levodopa
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dosing. Peak-dose dyskinesias are the most common forms
of LID and are related to peak plasma levels of levodopa.
They involve the head, trunk, and limbs, and sometimes
respiratory muscles. Levodopa dose reduction can amelio-
rate them, frequently at the cost of deterioration of Parkin-
sonism. Diphasic dyskinesias develop when plasma
levodopa levels are rising or falling. They are also called
D-I-D (dyskinesia-improvement-dyskinesia). They do not
respond to levodopa dose reduction and may improve with
high dose of levodopa. Ofi-state dystonias occur when
plasma levodopa levels are low (e.g., in the morning, several
hours after L-DOPA dosing (e.g., 2,3, 4, 5,6,7,8,9 10, 11,
12 hours).

The adenosine A2a receptor, also known as ADORAZA,
1s an G-protein couple receptor that 1s believed to play a role
in regulating myocardial oxygen consumption, coronary
blood flow, and can negatively regulate overreactive
immune cells, thereby protecting tissues from collateral
inflammatory damage. Antagonists of the A2a receptor have
been proposed as treatment for PD. Studies using A2a
receptor antagonists as a potential treatment for LID have
yielded negative results.

In some embodiments, provided herein are methods (e.g.,
dosing regimens) ol co-administering levodopa and an A2a
antagonist for the treatment of PD with reduced LID side
ellects (e.g., as compared to L-DOPA administration alone,
compared to other dosing regimens using L-DOPA and an
AZ2a antagonist, etc.). In some embodiments, methods herein
treat, prevent, or reduce LID, off-state dystonias, diphasic
dyskinesias, peak-dose dyskinesias. In some embodiments,
methods herein treat PD and/or reduce symptoms associated
thrrewith.

In some embodiments, the A2a antagonist 1s not admin-
istered concurrently or stmultaneously with the levodopa. In
some embodiments, an A2a antagonist 1s administered when
plasma levodopa levels are low (e.g., below 1 mg/liter (e.g.,
0.9 mg/l, 0.8 mg/l, 0.7 mg/1, 0.6 mg/l, 0.5 mg/l, 0.4 mg/l, 0.3
mg/l, 0.2 mg/l, 0.1 mg/l, <0.1 mg/l, or ranges therebetween).
In some embodiments, an A2a antagonist 1s administered
when plasma levodopa levels are less than 75% (e.g., 75%,
70%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%.,
20%, 15%, 10%, 5%, 1%, or less, or ranges therebetween)
of peak plasma levodopa levels. In some embodiments, an
A2a antagonist 1s administered when symptom reduction
associated with administration of a levodopa dose 1s waning
(e.g., symptoms are beginning to return). In some embodi-
ments, an A2a antagonist 15 administered when LID symp-
toms are returning (e.g., oll-state symptoms) following
administration of a levodopa dose. In some embodiments, an
A2a antagonist 1s administered 1-24 hours (e.g., 1, 2, 3, 4,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, or ranges therebetween (e.g., 3-12 hours, 4-8
hours, etc.)) following administration of a levodopa dose.

In some embodiments, a levodopa dose 1s not adminis-
tered concurrently or simultaneously or concurrently with an
A2a antagonist. In some embodiments, a time delay 1s
provided between administration of an A2a antagonist and a
subsequent levodopa dose. In some embodiments, the time
delay 1s at least 30 minutes (e.g., 30 minutes, 45 minutes, 60
minutes, 75 minutes, 90 minutes, 105 minutes, 120 minutes,
150 minutes, 180 minutes, 210 minutes, 240 minutes, or
more, or ranges therebetween). In some embodiments, the
time delay 1s at 11-12 hours (e.g., 1 hour, 2 hours, 3 hours,
4 hours, 5 hours, 6 hours, 7 hours, 8 hours, 9 hours, 10 hours,
11 hours, 12 hours, or ranges therebetween).

An exemplary dosing regimen for the co-administration
of levodopa and an A2a antagonist for the treatment of PD
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with the reduction of LID comprises: first levodopa dose—
first time delay—A2a antagonist dose—second time
delay—second levodopa dose. In some embodiments, a dose
of A2a antagonist 1s administered in the morning, following
the break from levodopa administration provided by sleep.
In such emboidments, an exemplary regimen may include:
morning A2a antagonist dose-time delay—Ilevodopa dose.
This regimen may be followed by additional delays and
doses of levodopa and/or A2a antagonist.

In some embodiments, any suitable A2a antagonists may
find use in embodiments herein. Exemplary A2a antagonists
include, but are not limited to:
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Other A2a antagonists are within the scope of embodiments
herein.

As 1s well known in the medical arts, dosages (e.g.,
levodopa dosages, A2a antagonist dosages, etc.) for any one
patient depends upon many factors, including the patient’s
s1ze, body surface area, age, the particular compound to be
administered, sex, time and route of administration, general
health, and nteraction with other drugs being concurrently
administered.

Pharmaceutical compositions herein may be formulated
and administered systemically or locally. Techniques for
formulation and administration may be found in the latest
edition of “Remington’s Pharmaceutical Sciences” (Mack
Publishing Co, FEaston Pa.). Suitable routes may, for
example, include oral or transmucosal administration; as
well as parenteral delivery, including intramuscular, subcu-
taneous, mtramedullary, intrathecal, mtraventricular, intra-
venous, intraperitoneal, or intranasal administration.

For injection, pharmaceutical compositions may be for-

mulated 1n aqueous solutions, preferably 1n physiologically
compatible buflers such as Hanks’ solution, Ringer’s solu-
tion, or physiologically builered saline. For tissue or cellular
administration, penetrants appropriate to the particular bar-
riecr to be permeated are used in the formulation. Such
penetrants are generally known 1n the art.

In other embodiments, the pharmaceutical compositions
are formulated using pharmaceutically acceptable carriers
well known 1n the art 1n dosages suitable for oral adminis-
tration. Such carriers enable the pharmaceutical composi-
tions to be formulated as tablets, pills, capsules, liquids, gels,
syrups, slurries, suspensions and the like, for oral or nasal
ingestion by a patient to be treated.

Pharmaceutical compositions 1nclude compositions
wherein the active ingredients (e.g., A2a antagomnist,
levodopa, etc.) are contained in an eflective amount to
achieve the intended purpose. For example, an eflfective
amount of therapeutic may be an amount that prevents
levodopa-induced dyskinesias and/or treats or reduces
symptoms associated with PD. Determination of effective
amounts 1s well within the capability of those skilled 1n the
art, especially 1n light of the disclosure provided herein.

In addition to the active therapeutic ingredients, pharma-
ceutical compositions may contain suitable pharmaceuti-
cally acceptable carriers comprising excipients and auxilia-
ries that facilitate processing of the active compounds 1nto
preparations that can be used pharmaceutically. The prepa-
rations formulated for oral administration may be in the
form of tablets, dragees, capsules, or solutions. "

T'he phar-
maceutical compositions of the present mvention may be
manufactured in a manner that 1s itself known (e.g., by
means ol conventional mixing, dissolving, granulating, dra-
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gee-making, levigating, emulsifying, encapsulating, entrap-
ping or lyophilizing processes).

Pharmaceutical formulations for parenteral administra-
tion include aqueous solutions of the active compounds 1n
water-soluble form. Additionally, suspensions of the active
compounds may be prepared as appropriate oily injection
suspensions. Suitable lipophilic solvents or vehicles include
tatty oils such as sesame o1l, or synthetic fatty acid esters,
such as ethyl oleate or triglycerides, or liposomes. Aqueous
injection suspensions may contain substances that increase
the viscosity of the suspension, such as sodium carboxym-
cthyl cellulose, sorbitol, or dextran. Optionally, the suspen-
sion may also contain suitable stabilizers or agents that
increase the solubility of the compounds to allow for the
preparation of highly concentrated solutions.

Pharmaceutical preparations for oral use can be obtained
by combining the active compounds with solid excipient,
optionally grinding a resulting mixture, and processing the
mixture of granules, after adding suitable auxiliaries, if
desired, to obtain tablets or dragee cores. Suitable excipients
are carbohydrate or protein {illers such as sugars, including
lactose, sucrose, mannitol, or sorbitol; starch from corn,
wheat, rice, potato, etc; cellulose such as methyl cellulose,
hydroxypropylmethyl-cellulose, or sodium carboxymethyl-
cellulose; and gums including arabic and tragacanth; and
proteins such as gelatin and collagen. If desired, disintegrat-
ing or solubilizing agents may be added, such as the cross-
linked polyvinyl pyrrolidone, agar, alginic acid or a salt
thereot such as sodium alginate.

Dragee cores are provided with suitable coatings such as
concentrated sugar solutions, which may also contain gum
arabic, talc, polyvinylpyrrolidone, carbopol gel, polyethyl-
ene glycol, and/or titanium dioxide, lacquer solutions, and
suitable organic solvents or solvent mixtures. Dyestulls or
pigments may be added to the tablets or dragee coatings for
product identification or to characterize the quantity of
active compound, (e.g., dosage).

Pharmaceutical preparations for oral administration
include push-fit capsules made of gelatin, as well as soft,
sealed capsules made of gelatin and a coating such as
glycerol or sorbitol. The push-fit capsules can contain the
active mgredients mixed with a filler or binders such as
lactose or starches, lubricants such as talc or magnesium
stearate, and, optionally, stabilizers. In soit capsules, the
active compounds may be dissolved or suspended 1n suitable
liquids, such as fatty oils, liquid parathn, or liquid polyeth-
ylene glycol with or without stabilizers.

Therapeutic compositions formulated 1n a pharmaceutical
acceptable carrier may be prepared, placed 1n an appropriate
container, and labeled for treatment of the indicated condi-
tion (e.g., levodopa-induced dyskinesias, PD, etc.).

The pharmaceutical composition may be provided as a
salt and can be formed with many acids, including but not
limited to hydrochloric, sulfuric, acetic, lactic, tartaric,
malic, succinic, etc. Salts tend to be more soluble 1n aqueous
or other protonic solvents that are the corresponding iree
base forms. In other cases, the preferred preparation may be
a lyophilized powder 1n 1 mM-50 mM histidine, 0.1%-2%
sucrose, 2%-7% mannitol at a pH range of 4.5 to 3.5 that 1s
combined with bufler prior to use.

In some embodiments, a therapeutically eflective dose
may be estimated initially from cell culture assays and/or
amimal models (particularly murine models). A therapeuti-
cally eflective dose refers to that amount that eflectively
addresses and underlying cause and/or ameliorates symp-
toms of the disease state or unwanted condition (e.g.,
levodopa-induced dyskinesias, PD, etc.). Toxicity and thera-
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peutic eiflicacy of such compounds can be determined by
standard pharmaceutical procedures in cell cultures or
experimental animals, e.g., for determining the LD, (the
dose lethal to 50% of the population) and the ED ., (the dose
therapeutically eflective 1n 50% of the population). The dose
ratio between toxic and therapeutic eflects 1s the therapeutic
index, and 1t can be expressed as the ratio LD./ED.,.
Compounds that exhibit large therapeutic indices are pre-
terred. Data obtained from these cell culture assays and
additional animal studies can be used 1n formulating a range
of dosage for human use. The dosage of such compounds
lies preferably within a range of circulating concentrations
that include the ED., with little or no toxicity. The dosage
varies within this range depending upon the dosage form
employed, sensitivity of the patient, and the route of admin-
istration. The exact dosage 1s chosen by the individual
clinician 1 view of the patient to be treated. Dosage and
administration are adjusted to provide suflicient levels of the
active moiety or to maintain the desired effect. Additional
factors which may be taken into account include the severity
of the disease state; age, weight, and gender of the patient;
diet, time and frequency of administration, drug combina-
tion(s), reaction sensitivities, and tolerance/response to
therapy. Long acting pharmaceutical compositions might be
administered every 3 to 4 days, every week, or once every
two weeks depending on half-life and clearance rate of the
particular formulation.

Typical dosage amounts may vary from 0.1 to 100,000
micrograms, up to a total dose of about 1 g, depending upon
the route of administration. Guidance as to particular dos-

ages and methods of delivery 1s provided in the literature
(See, U.S. Pat. Nos. 4,657,760; 5,206,344; 5,225,212;

W0O2004/097009, or WO2005/075465, each of which are
herein incorporated by reference).

In some embodiments, the therapies disclosed herein are
combined or used 1n combination with other agents usetul 1n
the treatment of psychomotor diseases (e.g., PD). Or, by way
of example only, the therapeutic effectiveness of one of the
therapies described herein may be enhanced by administra-
tion of an adjuvant (e.g., by itself the adjuvant may only
have mimimal therapeutic benefit, but 1n combination with
another therapeutic agent, the overall therapeutic benefit to
the patient 1s enhanced).

Such other agents, adjuvants, or drugs, may be adminis-
tered, by a route and 1n an amount commonly used therefor,
simultaneously or sequentially with a compound as dis-
closed herein. When a compound as disclosed herein 1s used
contemporancously with one or more other drugs, a phar-
maceutical composition containing such other drugs 1n addi-
tion to the compound disclosed herein may be utilized, but
1s not required.

In some embodiments, one or more of the therapies
provided herein (e.g., A2a antagonist, levodopa, etc.) are
combined with each other, and/or with one or more treat-
ments for a psychomotor disease (e.g., PD). Suitable treat-
ments for psychomotor disease (e.g., PD) for co-adminis-
tration (e.g., with A2a antagonist, levodopa, etc.) include
dopamine agomnists (e.g., bromocriptine, pergolide,
pramipexole, ropinirole, piribedil, cabergoline, apomor-
phine, lisuride, etc.), MAO-B ihibitors (e.g., selegiline,
rasagiline, etc.), and other therapeutics, such as amantadine,
anticholinergics, quetiapine, cholinesterase 1nhibitors,
modafinil, non-steroidal anti-inflammatory drugs, etc.

In some embodiments, deep brain stimulation i1s also
utilized for the treatment of PD, in addition to the other
embodiments described herein.




US 11,246,871 B2

13

In some embodiments, one or more therapeutic
approaches described herein co-administered to a subject. In

some embodiments, co-administration involves co-formula-
tion of two or more agents together into the same medica-
ment. In other embodiments, the agents are 1n separate
formulations but are admimstered together, either simulta-
neously or in sequence (e.g., separated by one or more
minutes, hours, days, etc.). In some embodiments, where a
synergistic or additive benefit 1s achieved, the co-adminis-
tered agent may be provided at a lower dose than would
normally be administered if that agent were being used in
1solation to treat the disease or condition.

The technology provided herein also includes kits for use
in the mnstant methods. Kits of the technology comprise one
or more containers comprising a therapeutic approach
described herein and/or a second agent, and 1n some varia-
tions further comprise instructions for use 1 accordance
with any of the methods provided herein. The kit may further
comprise a description of selecting an 1ndividual suitable
treatment. Instructions supplied 1n the kits of the technology
are typically written instructions on a label or package 1nsert
(c.g., a paper insert included with the kat), but machine-
readable instructions (e.g., instructions carried on a mag-
netic or optical storage disk) are also contemplated. In some
embodiments, the kit 1s a package containing a sealed
container comprising any one of the preparations described
above, together with nstructions for use. The kit can also
include a diluent container containing a pharmaceutically
acceptable diluent. The kit can further comprise istructions
for mixing the preparation and the diluent. The diluent can
be any pharmaceutically acceptable diluent. Well known
diluents include 5% dextrose solution and physiological
saline solution. The container can be an infusion bag, a
sealed bottle, a vial, a vial with a septum, an ampoule, an
ampoule with a septum, an infusion bag, or a syringe. The
containers can optionally include indicia indicating that the
containers have been autoclaved or otherwise subjected to
sterilization techniques. The kit can include instructions for
administering the various solutions contained in the con-
tainers to subjects.

EXPERIMENTAL

PD i1s the second most common aging-linked neurode-
generative disease 1 developed countries, afllicting nearly 1
million Americans at an estimated cost that exceeds $25
B/year (Refs 1,2; incorporated by reference in their entire-
ties). The cardinal motor symptoms of the disease (bradyki-
nesia and ngidity) are linked to the death of midbrain
dopaminergic neurons innervating the striatum (Refs 3.,4;
incorporated by reference in their entireties). The primary
symptomatic treatment for PD patients—administration of
[.-3,4-dihydroxyphenylalanine (L-DOPA) to boost dop-
amine (DA) release from remaining neurons—has not fun-
damentally changed for the past half-century (Ref. 5; incor-
porated by reference 1n its entirety). Although 1t 1s 1nitially
cllective 1n alleviating motor symptoms, as the disease
progresses, L-DOPA becomes less eflective and dose
required to achieve symptomatic beneflt rises. In most
patients, high doses of L-DOPA produce unwanted side-
cllects, most prominently, mmvoluntary movements that
manifest as dyskinesia (Ref. 6; incorporated by reference in
its entirety). At present, short of deep brain stimulation of the
subthalamic nucleus, there are no eftective means of dimin-
ishing L-DOPA-induced dyskinesia (LID). As a conse-
quence, there 1s a concerted eflort to develop new and
ellective therapies for PD and LID.
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The development of new symptomatic medications and
adjunct therapies to ameliorate LID should come from a
better understanding of how corticostriatal glutamatergic
synaptic strength in striatal neurons 1s regulated 1n the LID
state. Striatal principal spiny projection neurons (SPNs) can
be divided into two major classes—the so-called direct
pathway SPNs (dSPNs) project directly, whereas indirect
pathway SPNs (1SPNs) project indirectly to the output
structures of basal ganglia. Two forms of long-term synaptic
plasticity have been described in SPNs. Long-term depres-
sion (LTD) of glutamatergic corticostriatal synapses 1s
dependent upon retrograde endocannabinoid (eCB) signal-
ing (Ret. 7.8; incorporated by reference in their entireties).
cCB-mediated LTD 1s dependent upon type 5 metabotropic
glutamate receptors (mGluR5) activation; 1t 1s also postsyn-
aptically induced but presynaptically expressed. G,-coupled
DA D2 receptors (D2Rs)/muscarinic M4 receptors (M4Rs)
are required to diminish protein kinase A (PKA) phospho-
rylation of regulator of G protein signaling 4 (R(GS4), which
negatively modulates mGluR5 stimulation of phospholipase
C 1soforms coupled to the generation of eCBs necessary for
LTD induction (Refs. 9,10; mcorporated by reference 1n
their entireties).

Long-term potentiation (L'IP) induction requires co-acti-
vation of NMDARs and G_,~coupled DA DI receptors
(D1Rs)/adenosine A2a receptors (A2aRs) (Refs. 10-18;
incorporated by reference 1n their entireties). Acting through
PKA, D1R and A2aR activation leads to the phosphorylation

of DA and cAMP-regulated phosphoprotein of 32 kDa

(DARPP-32) and a variety of other downstream signaling
molecules, including extracellular signal-regulated kinase
(ERK), linked to synaptic plasticity (Rets. 10, 16-20; incor-
porated by reference in their entireties).

In PD models, striatal synaptic plasticity 1s lost (Rets. 10,
21; mcorporated by reference in their entireties). Elevating
striatal DA 1n lesioned animals by systemic administration
of L-DOPA restores L'IP 1n dSPNs and LTD 1n 1SPNs (FIG.
1), indicating that synaptic plasticity 1s not grossly abnormal
and continues to be governed by DA and SPN subtype (Ref.
10; mcorporated by reference 1n 1ts entirety). Rather than

being briefly stimulated by burst spiking of DA neurons,
DIRs 1n the LID model are stimulated for long periods of
time; this abnormally sustained stimulation i1s likely to
underlie both the synaptic and biochemical signature of LID
in dSPNs. This 1s what 1s seen 1n €x vivo brain slices shortly
alter the last dose of L-DOPA when striatal DA 1s lugh and
DA receptor stimulation sustained (1.e. ‘ON-state’) (Ref. 10;
incorporated by reference 1n 1ts entirety). If mice are sacri-
ficed later, when the eftects of L.-DOPA have waned and DA
levels are low (1.e. ‘OFF-state’), our results show that 1SPNs
are biased toward LTP induction because of reduced D2R
signaling and elevated A2aR signaling (Refs. 22-24; incor-
porated by reference 1n their entireties). In this state, upregu-
lation of 1SPN GluN2B-enriched NMDARs promote the
generation of AMPA-deficient silent synapses (FIG. 2),
which provides an i1deal substrate for activity-dependent
potentiation of corticostriatal glutamatergic synapses, there-
fore promoting LID behaviors.

Previous studies in this field have not been able to
systemically compare synaptic adaptations between the dif-
ferent striatal pathways at the diflerent states of dyskinesia.
All behavioral pharmacology studies performed thus far
have been centered on the state where DA levels are high
(ON-state), whereas most biochemical and electrophysi-
ological studies have focused upon the changes in the state
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where DA levels are low (OFF-state). There 1s a real need for
new strategies 1n studying the synaptic mechanisms govern-
ing the development of LID.

Experiments conducted during development of embodi-
ments herein 1dentified aberrant synaptic plasticity at gluta-
matergic synapses on striatal indirect pathway projection
neurons as a causal agent in the induction of levodopa-
induced dyskinesia (LID). Examination of the molecular
determinants of this aberrant plasticity revealed it was linked
to elevated activity 1n adenosine A2a receptors specifically
during a period of time after levodopa administration.

An example of the complexity in dyskinesia can be
illustrated by the experience with A2aR antagonists. A2aRs
are primarily localized on 1SPNs and couple to the same
second messenger cascade as D1Rs and functionally oppose
D2R signaling. In 1SPNs, G, ~coupled A2aRs are necessary
for the induction of LTP. A2aR signaling also disrupts
D2R-dependent induction of LTD (Ref. 17; incorporated by
reference 1n 1ts entirety). Thus, antagonism of A2aR signal-
ing does not just blunt L'TP induction but 1t enhances
D2R-dependent eCB-LTD as well (Refs. 17, 25; incorpo-
rated by reference 1n their entireties). In dyskinetic mice
shortly after the last L-DOPA dose, D2R-dependent 1SPN
LTD promotes LID behaviors (Ref. 10; incorporated by
reference 1n 1ts entirety). Therefore, co-administration of
L-DOPA and an A2aR antagonaist, like 1stradefylline (which
enhances D2R signaling), in the ON-state should exacerbate,
not attenuate, LID (Refs. 26-28: incorporated by reference in
their entireties). Indeed, A2aR antagonists have failed in
climical trials when administered in this way. But, this 1s not
how an A2aR antagonist should be administered to diminish
aberrant synaptic plasticity. Rather, administration of A2aR
antagonists (such as tozadenant and preladenant) in the
OFF-state (FIG. 3), when A2aR signaling 1s high (refs
22-24; incorporated by reference 1n their entireties), attenu-
ate aberrant LTP induction 1n 1SPNs and 1n so doing ame-
liorate LID. Experiments conducted during development of
embodiments herein have revealed that tozadenant treated 1n
the LID OFF-state significantly attenuates LID scores
induced by subsequent doses of L-DOPA (i.e., ON-state)
(FIG. 4).

Experiments conducted during development of embodi-
ments herein demonstrate that systemic administration of an
AZ2a receptor antagonist at an interval after levodopa admin-
istration, when the eflects of levodopa had begun to wain
(the so-called ‘ofl-state’), leads to eflective attenuation of
dyskinetic behavior with subsequent levodopa administra-
tion. The eflectiveness of this ‘delayed delivery’ protocol
stands 1n stark contrast to that seen with co-administration of
levodopa and an A2a receptor antagonist 1n previous, failed

clinical trials.
Materials and Methods

Mouse Unilateral 6-Hydroxydopamine (6-OHDA) Model
and LID

Mice were anaesthetized with an 1soflurane precision
vaporizer, placed 1n a stereotaxic frame, and a hole was
drilled over the medial forebrain bundle. After exposing the
skull, 3.5 mg ml™" free base 6-OHDA with 0.02% ascorbic
acid was 1njected using a glass micropipette. Three weeks
alter surgery, the degree of damage to nigrostriatal DA
neurons was assessed with a forelimb-use asymmetry test.
Striatal sections from a subset of mice were stained with
tyrosine hydroxylase to verily successiul lesion. One day
alter the test, mice underwent behavioral testing for abnor-
mal involuntary movements (AIMs) following L-DOPA
treatment. Treatment with L-DOPA was given daily for 15
days at the doses of 3 mg kg'. Animals were randomly
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allocated to receive treatment with L.-DOPA and vehicle, or
L-DOPA and an A2a receptor antagonist.

Patch-Clamp Recording

Mice were deeply anesthetized intraperitoneally with a
mixture of ketamine and xylazine. Parasagittal slices were
cut 1 1ce-cold aCSF. Whole-cell and perforated-patch
recordings were performed in the dorsolateral striatum at
30-31° C. Long-lasting synaptic plasticity was induced
using protocols consisting of subthreshold synaptic stimu-
lation paired with somatically induced action potentials
(APs) at theta frequency (5 Hz). These protocols consisted
of 20-60 trains of five bursts repeated at 0.1 Hz, with each
burst composed of three APs preceded with three EPSPs at
50 Hz (pre-post timing pairing, +5 ms) or three APs fol-
lowed by one EPSP (post-pre timing pairing, —10 ms). To
ensure induction of consistent synaptic plasticity, postsyn-
aptic neurons were depolarized to =70 mV from their typical

resting membrane potentials (-85 mV) during their induc-
tion. GABA , was blocked by the bath application ot gaba-
zine (10 uM).

Optogenetic Stimulation

To stimulate channelrhodopsin-2 (ChR2)-expressing
axons, a whole-field blue LED was used.
Data Analysis and Statistics Methods

Data analysis was conducted with Igor Pro 6 and Clampfit
9. EPSP amplitude was calculated from 30 sweeps imme-
diately before the start of induction and 20-30 min after the
end of induction. Compiled data were expressed as
meanxSEM. Statistical tests were performed using Excel
and SigmaStat. Nonparametric Mann-Whitney or Wilcoxon
tests were used to assess the experiment results, using a
probability threshold of 0.05. Statistical analyses for behav-
ioral data were carried out using Prism 6. Data were ana-
lyzed using parametric repeated measure two-way ANOVA
followed by post hoc Bonierroni’s test.

All publications and patents mentioned above and/or
listed below are herein incorporated by reference. Various
modifications and variations of the described method and
system of the mvention will be apparent to those skilled 1n
the art without departing from the scope and spirit of the
invention. Although the invention has been described 1n
connection with specific embodiments, 1t should be under-
stood that the mvention as claimed should not be unduly
limited to such specific embodiments. Indeed, various modi-
fications of the described modes for carrying out the inven-
tion that are obvious to those skilled 1n the relevant fields are
intended to be within the scope of the present invention.
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The mmvention claimed 1s:

1. A method for the treatment of a neurodegenerative
disorder with reduced dykinesia, comprising:

(a) administering to a subject a dose of levodopa at a first

time-point;

(b) administering to the subject a dose of an A2a antago-
nist at a second time-point following a time delay of at
least 2 hours from the first time point, wherein the A2a
antagonist 1s not cafleine.

2. A method for the treatment of a neurodegenerative
disorder with reduced levodopa-induced dykinesia, com-
prising administering to the subject a dose of an A2a
antagonist at a time when plasma levodopa levels are low.

3. The method of claim 1, wherein the neurodegenerative
disorder 1s Parkinson’s disease.

4. The method of claim 1, wherein the A2a antagonist 1s
selected form the group consisting of: ATL-444, Istradetyl-
line (KW-6002), MSX-3, Preladenant (SCH-420,814),
SCH-58261, SCH-412,348, SCH-442,416, ST-1535, VER-
6623, VER-6947, VER-7835, Vipadenant (BIIB-014)
/M-241,3835, Tozadenant, V81444 and CPI-444.

5. The method of claim 1, wherein the second time-point
1s after symptom-reduction eflects of the dose of levodopa
have begun to decrease.

6. The method of claim 1, further comprising co-admin-
istering an additional therapeutic agent for the treatment of
the neurodegenerative disorder or symptom reduction.

7. The method of claim 6, wherein the additional thera-
peutic agent 1s selected from the list consisting of dopamine
agonists, MAO-B inhibitor, amantadine, anticholinergics,
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quetiapine, cholinesterase inhibitors, modafinil, and non-
steroidal anti-inflammatory drugs.
8. The method of claim 6, wherein the additional thera-

peutic agent 1s administered at the first time-point.
9. The method of claim 6, wherein the additional thera- 5

peutic agent 1s admimstered at the second time-point.
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